The present investigation was conducted during 2014 and 2015 growing seasons in order to study the effects different drought stress levels in particular; 100%, 50% and 25% of the soil field capacity (FC) as well as the effects of arbuscular mycorrhizal (AM) inoculation on morphological and physiological performance and drought resistance of pomegranate seedlings. Drought stress decreased arbuscular mycorrhizal (AM) colonization. In both the AM and non AM, growth rate, leaf area, trunk cross sectional area and total dry weight decreased with increasing drought stress levels. AM colonization significantly stimulated plant growth indices and biomass production regardless of water status. Increasing drought stress levels tended to increase the proline accumulation, while the chlorophyll content, leaf total carbohydrates, and catalase activity (CAT) decreased. By contrast, AM colonization increased chlorophyll content, proline, total carbohydrates and CAT activity. A gradual decrease in leaf water potential (Ψ) and relative water content was evident with increasing drought stress levels. However, the seedlings inoculated with AM fungus had significantly higher leaf water potential (-1.5MPa) compared to the noninoculated seedlings (-2.0MPa).
INTRODUCTION
Drought is considered the single most devastating environmental stress, which decreases crop productivity more than any other environmental stress (Lambers et al. 2008) . Water scarcity will continue to be a major factor on agricultural land (Bates et al., 2008) . About 70% of the total water use worldwide is consumed for the irrigation in the agriculture (FAO, 2015) and other sectors such as industry and domestic consumption will put large pressures on the availability of irrigation water for horticultural crops. The horticultural crops embody 43% of the total value of crops in 2002 and 35% in 2007 in the USA (USDA, 2009 ), and 39% in Europe in 2007 (European Commission, 2009 . Consequently, assessing the effects of water-wise cultivation systems such as deficit irrigation and enhanced drought tolerance in horticultural crops is essential. Deficit water supply at any growth stage poses detrimental effects on morphological, physiological, and biochemical processes in plants, which include reduced rate of cell division and expansion, leaf area, stem elongation and root size and depth, and disturbed stomatal formation, plant water and nutrient relations with decreased crop productivity, and water use efficiency (Li et al., 2009) . Drought stress can increase production of reactive oxygen species (ROS). These toxic molecules can cause oxidative damage to lipids, proteins and DNA (Miller et al., 2010) .
Pomegranate plants (Punica granatum L.) have been grown as a common backyard crop for decades in the South Asia. In recent years, there has been an increased interest in the commercial production of the fruit in Egypt and surrounding regions. This production increase is largely in response to increased demand for the fruit by the consumer. Global production has increased substantially in the past decade, and pomegranate is being consumed not only as a fresh fruit, but also as juice or as a freshly prepared product. The fruit is also being utilized in numerous consumer products, including tea and juice blends (MacLean et al., 2014) . Pomegranates are drought-tolerant, but they require normal watering to produce good fruit crops (Khattab et al., 2011) and to avoid dehydration during the hottest season (particularly after transplant). Moreover, adequate soil moisture will result in a substantial improvement in plant vigor and fruit yield. Furthermore, providing adequate water throughout drought periods will minimize the amount of fruit splitting when the rain returns. In this study, pomegranate plants were chosen as a model to study the importance of the application of AM to the production of semiligneous seedlings under drought conditions.
Apart from to the intrinsic protective systems of plants against stress, plants grow associated with a number of soil microorganisms that can alleviate the stress symptoms. Arbuscular mycorrhizal (AM) fungi are widespread microorganisms able to establish a symbiotic association with the roots of most terrestrial plants. Mycorrhizal plants are able to grow much better under drought conditions compared with non-mycorrhizal plants.
Several studies have demonstrated that many plants inoculated with AMF increases the drought tolerance (Aug´e, 2001) . Early studies examining the effects of AM symbiosis on plant water relations generally concluded that improved drought tolerance results from enhanced P nutrition (Nelsen and Safir, 1982) . It is currently accepted that the contribution of AM symbiosis to plant drought tolerance is the result of accumulative physical, nutritional, physiological, and cellular effects (Ruiz-Lozano et al., 2012) . The underlying mechanisms include increased absorbing surface caused by soil-growing hyphae combined with the fungal capability to take up water from soils with low water potential (Lehto and Zwiazek, 2011) . AM fungi enhanced osmotic adjustment and leaf hydration or reduced oxidative damage caused by the reactive oxygen species (ROS) generated during drought (Ruiz-Lozano, 2003) . AM plants had postponed declines in leaf water potential (Ψ) during drought stress (Davies et al., 1992 and El-Tohamy et al., 1999) and leaf water potential returned to non-AM level more quickly in AM than non-AM plants after the relief of drought (Subramanian et al., 1997) . Therefore, the objective of this investigation was to evaluate the effect of the inoculation of AM on the morphology, physiology and water status of pomegranate seedlings grown under different drought stress levels.
MATERIALS AND METHODS

Plant material and growth conditions
Experiments were performed during 2014 and 2015 growing seasons at experimental plot in Faculty of Agriculture, Alexandria University, Egypt.
One-year-old Wonderful pomegranate (Punica granatum , L.) seedlings were used. The experimental plants were singly planted in black polyethylene bags filled with about 6 kilograms of sandy soil. The chemical composition and physical characteristics of the experimental soil are shown in Table 1 . On the 25 th March in each experimental season, 30 pomegranates seedlings were chosen for this study. The experimental seedlings were divided equally into two groups each of 15 seedlings. First group of plants was inoculated by mycorrhizae, Glomus intraradices, while the second was left without mycorrhizal inoculation; as control. Inoculation was achieved by adding 10 g/plant of the inoculum in the soil under the seedlings. The mycorrhizal strain G. intraradices, isolated from the Experimental Station of Alexandria University at Abies, (Aboul-Nasr, 1993) , was used in both experimental seasons. The inoculum consists of expanded clay aggregates (2-4mm in diameter, Leca), which contain chlamydospores and fungus mycelium. The mycelium had been produced on Tagetes erecta L. (Aboul-Nasr, 2004) . The control plants received the same amount of heat sterilized expanded clay. Thereafter, the plants were carefully handled for about two months before the commencement of the drought treatments. During this period of adaptation; all plants started new growth and seemed healthy, vigorous and well established. For initiating the soil moisture treatments, each group with or without mycorrhizal inoculation, was divided into three subgroup; each of five seedlings. The soil moisture in these subgroups reached 100%, 50% and 25% of the soil field capacity by adding 780ml, 390ml, and 195ml of water for each pot, respectively, at the beginning of the experiment. Thereafter, different amounts of water were weekly added to the pots of each subgroup to maintain the soil moisture at these soil field capacity levels. The different amounts of water added to the pots were calculated after the determination of the field capacity of the experimental soil. The soil field capacity was determined directly by pressure Cooker method at 1/3 atm, as described by Israelsen and Hansen (1962) . The amounts of water added to the pots were estimated by weighing the pots of each treatment periodically, at weekly intervals. The experimental plants were arranged in Randomized Complete Block Design (RCBD), with five replicates in each treatment, with a single plant for each replicate (3 levels of soil field capacity, 2 mycorrhizae treatments (with or without AM) x 5 replicates = 30 seedlings in each experimental season).
Plant growth and assessment of mycorrhizal colonization
The total growth of the experimental seedlings was estimated by measuring the length of each seedling at the beginning and at the termination of the experiment. The growth rate of each seedling was calculated using the following equation: Growth rate= final length-Initial length/Initial length. The trunk circumference and leaf area was estimated. The trunk circumference of each replicate was measured at the soil surface, and the trunk crosssectional area of each seedling was calculated. For leaf area determination, five mature leaves from each seedling were collected at the end of the experiment and their areas were measured using a planimeter.
After 90 days of beginning water treatments, at the termination of the experiment, the seedlings were carefully excavated from polyethylene bags. The leaves, stem and roots were separated and dried at 70° C for 48 h, and the dry weights of the leaves, stem and roots of each seedling were recorded. A fraction of roots were used to estimate the percentage of mycorrhizal root colonization by the observation of cleared and stained 1-cm root segments under a research microscope for every treatment. The procedure was done according to the method described by Gianinazzi (2004) . 
Chlorophyll determination
Leaf total chlorophyll content was determined in the fresh leaf samples according to the method described by Yadava (1986) , using a Minolta SPAD chlorophyllmeter. Five readings were taken for each plant at the end of either season. The results were expressed as SPAD.
Carbohydrate determination
The total carbohydrates were extracted from half gram of dry materials of the leaf of each replicate. The total carbohydrates estimations were done by Nelson-Somogyi method using oven dried samples as described by Thimmaiah (2004) .
Proline determination
The determination of leaf free proline was done according Bates et al. (1973) . A 0.1 gm from the dry ground materials of each replicate was homogenized in 10 ml of 3% aqueous sulfosalicylic acid and filtered through 2 filter papers. Two milliliter of the filtrate stands to react with 2 ml acidninhydrin and 2 ml of glacial acetic acid in a test tube for 1 hour at 100° C.
The reaction was terminated in an ice bath. The reaction mixture was extracted with 4 ml toluene, mixed vigorously for 15-20 seconds. The chromophore containing toluene was aspirated from the aqueous phase and the absorbance was read at 50 nm against a proline stand. Leaf proline content was expressed as mg/g dry weight of leaf tissues.
Leaf catalase (CAT) activity
For the determination of leaf catalase (CAT) and peroxidase (POX) activity, a fresh leaf sample composed of 5 mature leaves was taken from each experimental seedling. The leaf catalase activity was assayed as described by Kar and Mishra (1976) , analyzed according to KMnO4 titration method and expressed as μ mole H 2 O 2 reduced g -1 FW min -1 (μ mole H 2 O 2 / g FW / min).
Leaf water potential (Ψ) and relative water content (RWC) determination
Measurements of leaf water potential and relative water content were conducted at midday using the fully expanded leaves from the middle part of shoots of these seedlings. Relative water content was determined as described by Smart and Bingham (1974) . The leaves of each replicate, were cleaned with tissue paper and their fresh weight (FW) was recorded. The turgid weights (TW) of the leaves were recorded after floating in water in covered Petry dish for 24 hours at 4° C. Thereafter, the leaves were oven dried at 70° C to a constant weight and their dry weights (DW) were recorded. The equation RWC (%) = (FW-DW)/ (TW-DW) was used for RWC calculation. The midday leaf water potential (Ψ) measurements were made one day before irrigation was given. The leaves were selected from the middle part of shoots; they were detached and their Ψ was measured immediately by a pressure chamber (Model PMS 1505D-EXP USA).
Statistical analysis
The data obtained throughout the course of this study were statistically analyzed according to the analysis of variance (ANOVA) as the method described by Snedecor and Cochron (1980) . The average for each treatment was the mean of five replicates. Differences among treatments were determined using Least Significant Differences (LSD) at probability level of 0.05. Data for the percentage of mycorrhizal colonization were analyzed after angular transformation (Steel and Torrie, 1980) .
RESULTS AND DISCUSSIONS
1-Mycorrhizal root colonization and survival seedlings percentage
The percentage of root colonization was determined at the end of the experimental seasons 2014 and 2015. The percentage of root colonization was significantly increased in case of inoculated mycorrhizal plants compared to un-inoculated ones. Table 2 and 3 shows the percentage of mycorrhizal root colonization, arbuscules % and vesicles%. The mycorrhizal colonization was observed at all developed drought levels. With increasing drought stress levels, the root colonization was decreased significantly, in 2014 season, from 89.25 to 38.97%. The corresponding values for 2015 season were from 80.73 to 31.77%. There was a gradual decline in the mycorrhizal root length percentage, with increasing drought stress. In 2014 season, the percentages of root colonization values were 89.25, 59.35 and 38.97% for pomegranate seedlings irrigated with 100, 50 and 25% of the soil field capacity, respectively. The corresponding values for arbuscules % were 70.98, 42.12 and 40.86% and the corresponding values for vesicles% were 58.26, 38.16 and 18.98%. Similar trend was noticed in 2015. The decline in colonization under stress could be caused by adverse conditions for sporulation and development of spores under unfavorable rizosphere conditions (Murkute et al. 2006) . Inoculated plants showed a higher survival rate under conditions of drought stress as has been observed previously ). There was no interaction between inoculation and the level of drought on seedlings survival. 
Growth indices
The effect of drought stress and mycorrhizae as well as the interaction between these two variables on the growth indices of pomegranate seedlings is shown in Table 4 and Figure 1 . As an overall average, the data of the present investigation generally indicated that increasing the level of drought was accompanied by a gradual decline in growth rate, leaf area, trunk crosssectional area and total dry weight. This reduction in plant growth indices was more evident at higher (25% FC) rather than at lower drought stress level (50%). This result is in conformity with similar results reported by numerous investigators such as: Lange and Lenz (1999) , Symeonidou and Buckley (1999) and Arzani and Arji (2000) . The reduction in the growth of pomegranate seedlings, observed herein, could be attributed to a noticeable decrease in the water absorbing power of the seedlings under the drought conditions. Table 4 Concerning the overall effect of mycorrhizal inoculation, the data of the present study indicated that mycorrhizae seemed to affect positively most, if not all, the criteria describing the seedlings growth (Table 4 and Figure 1 ). Mycorrhizal seedlings, in general, had higher growth rate, leaf area, trunk cross-sectional area and total dry weight than non mycorrhizal seedlings. These positive mycorrhizal responses were supported by numerous investigators such as: Krishna et al. (2005) , Wang et al. (2008) , Khalil et al. (2011) and Khalil (2013) working on different fruit species. These superior effects of mycorrhizae on seedlings growth could be attributed to the influence of mycorrhizae in improving plant nutrition (Ruiz-Lozano et al., 2012) . Other researchers, however, attributed these responses to the influence of mycorrhizae in maintaining adequate plant water relationships (Evelin et al., 2009) . Still, a third group of scientists pointed out to the role played by mycorrhizae in alleviating oxidative stress of inoculated plants, and consequently its growth (Bressano et al. 2010) .
F1
As for the interactional effect of drought stress and mycorrhizal inoculation on plant growth indices, it might be concluded that although mycorrhizal seedlings often showed higher growth values than nonmycorrhizal ones, these growth responses were usually more pronounced at higher (25% FC) drought stress level. For example, in 2014 season, the 25% FC treatment reduced the total dry weight of mycorrhizal seedlings by 39.70%, whereas it reduced that of non-mycorrhizal ones by as much as 42.45%.
Organic components
The results of the present investigation clearly revealed that, seedlings irrigated with 50 and 25% drought stress levels showed significant decrease in leaf chlorophyll content , leaf total carbohydrates and leaf catalase activity, whereas, that of leaf free proline content tended to increase during 2014 and 2015 growing seasons (Table 4 and Figure 2 ). In 2014 season, seedlings grown under 25% FC drought stress level showed increase in leaf free proline content reached as much as 73.65% in comparison with those grown under control. This result is consistent with Murkute et al., (2006) who reported that proline and various betaines can function as osmoprotectants and cryprotectants, when accumulated in cell. In 2014 season, the reduction in leaf total chlorophyll, total carbohydrates and catalase in seedlings grown under 25% FC reached as much as 32.8, 24.32 and 39.2%, respectively as compared with control. The corresponding values for 2015 season were 41.4, 27.8% and 35%. Similar increase in proline content and decrease in chlorophyll and carbohydrates content and catalase activity by drought stress were recorded (Khalil, 2013) . Jie et al. (2010) reported that apple seedlings subjected to water stress often showed decrease in total carbohydrates. They attributed the low carbohydrates content of drought plants to the decrease in photosynthetic rates in the drought-stressed leaves when photosynthetic production was insufficient to meet demand, breakdown of soluble carbohydrates could sustain metabolism. Moreover, they added that the accumulation of osmolytes, as the soluble sugar fractions, could be considered as an adaptive response to drought stress condition. The decline in CAT activity is regarded as a general response to many stresses (Gunes et al., 2008 and Liu et al., 2008) . The reduction of CAT activity is supposedly due to its role in overcoming stress damage, particularly when CAT activity becomes a limiting factor in the scavenging of active oxygen species produced in the oxidative stresses (Shim et al. 1999) . The adverse effects of drought stress on total chlorophyll content in the leaves could be due to the suppression of specific enzymes that are responsible for the synthesis of photosynthetic pigments (Murkute et al., 2006) .
Hoda A. Khalil
F2
Regarding the effect of mycorrhizal inoculation on organic component, the total chlorophyll content, total carbohydrates, leaf free proline content and catalase activity, the results indicated that it was significantly higher than that of the un-inoculated ones. This trend was observed during both experimental seasons. For example, in 2015 season, seedlings inoculated with AM had the highest total carbohydrates content (15.66%), while the seedlings without mycorrhizal inoculation had the lowest value (13.12 %). It has been reported that mycorrhizal fungi markedly enhanced the photosynthesis of inoculated plants and increased its stomatal conductance where might provide a reasonable explanation for the general increase in the carbohydrates content of mycorrhizal plants observed herein (Nylund and Wallander, 1989 and Khalil, 2013) . Preinoculated seedlings had greater leaf chlorophyll content compared with non mycorrhizal ones. The enhanced chlorophyll level might be responsible for increasing photosynthesis in inoculated plant. This can further be attributed to increased Mg uptake which is essential for chlorophyll bio-synthesis (Krishna et al., 2005 and Khalil et al., 2011) . Several reports have paid special attention to the importance of AM in alleviating oxidative stress; they found that the protection against oxidative damage was due to an increase in enzymatic antioxidant levels (Bressano et al. 2010) .
Leaf water potential (Ψ) and relative water content (RWC)
The effect of drought stress level in particular, 100, 50 and 25% of the soil field capacity as well as the effect of mycorrhizal inoculation on leaf water potential (Ψ) and relative water content of pomegranate seedlings are presented in Table 4 and Figures 3&4. The results indicated that leaf water potential (Ψ) and relative water content respond negatively to increasing drought stress conditions. A gradual decrease in leaf water potential (Ψ) and relative water content was evident with increasing drought stress levels. These results are in general agreement with those reported by Tezara et al. (2002) , Liu et al. (2004) and Ozkur et al. (2009) . They all agreed that with increasing drought stress levels of growing media, a noticeable decrease in leaf water potential (Ψ) and relative water content (RWC) of the leaves was noticed. As for the specific effect of mycorrhizal inoculation, the data generally indicated that there were statistical differences between AM inoculated and un-inoculated seedlings in their leaf water potential (Ψ) and relative water content. Significant higher leaf water potential (Ψ) and relative water content values were observed in inoculated seedlings, in comparison with uninoculated ones. Drought stress decreased leaf water potential (-53MPa) but the decrease was larger in un-inoculated plants (-0.90 ). These results are in line with those of Porcel et al. (2004) , Colla et al. (2008) and Jahromi et al. (2008) . They reported that the leaf water potential and relative water content were higher in stressed AM plants than in non-AM plants. This could be attributed to the effect of AM in improving hydraulic conductivity of the root at low water potential (Kapoor et al., 2008) . The improved root conductance is associated with a longer root and an altered root system morphology induced by AM (Kothari et al., 1990) . Besides, Evelin et al. (2009) reported that mycorrhizal plants are also shown to possess a lower osmotic potential which is maintained by fungal accumulation solutes, consequently resulting in improved plant osmotic adjustment.
CONCLUSION
It can be concluded that AM symbiosis enhances osmotic adjustment in roots, which could contribute to maintaining leaf gradient favorable to the water passing from soil into the roots. This enables higher leaf water potential Ψ in AM plants during drought and keeps the plants protected against drought, as shown by their significantly higher shoot biomass production, and these cumulative effects increase the plant drought tolerance. 
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